The CSB protein is a member of the SWI2/SNF2 family of ATP-dependent chromatin remodeling factors and is essential for transcription-coupled DNA repair. The role of CSB in this DNA repair process is unclear, but the protein was found to remodel nucleosomes and alter DNA double helix conformation upon binding. Elucidating the nature of the change in DNA structure induced by CSB is of great interest for understanding the CSB mechanism of action. We analyzed the CSB⅐DNA complex by scanning force microscopy and measured a shortening of DNA contour length upon CSB binding in the presence of ATP. This DNA length reduction most likely results from DNA wrapping around the protein. Shorter DNA molecules were observed more frequently in the presence of non-hydrolyzable ATP analogues. These results suggest that DNA wrapping depends on ATP binding, whereas ATP hydrolysis results in unwrapping. We also provide evidence suggesting that CSB binds DNA as a dimer. DNA wrapping and unwrapping allows CSB to actively alter the DNA double helix conformation, which could influence nucleosomes and other protein-DNA interactions.
In the eukaryotic cell nucleus, DNA is packaged in the highly compact structure of chromatin. DNA processing events in the nucleus, such as transcription, replication, recombination, and repair, are restricted by this packaging. To facilitate the interaction of proteins with nucleosomal DNA, a variety of chromatin remodeling factors use the energy of ATP hydrolysis to locally alter chromatin structure (1, 2) . ATP-dependent chromatin remodeling complexes are characterized by the presence of an ATPase subunit from the SWI2/SNF2 family. Because human Brg1 and hBrm and Drosophila ISWI have nucleosome remodeling activity on their own (3, 4) , the ATPase subunits are suggested to be the catalytic core of the remodeling complexes. All SWI2/SNF2 proteins contain seven conserved motifs, similar to those found in DNA/RNA helicases. Members of this family possess DNA-stimulated ATPase activity but no classical helicase activity. The current evidence suggests that these factors use the energy of ATP hydrolysis to generate torsion in DNA and alter local DNA conformation (1, 5, 6) . How remodeling enzymes generate torsion is not known, but rotation of the DNA helix by DNA tracking activity or a molecular wrench action has been proposed (1, 5, 7) . This may alter nucleosome structure by rotation of DNA at the nucleosomal entry/exit sites, causing its over-or underwinding and/or looping on the nucleosome surface. Interestingly, many mechanistically distinct DNA repair pathways include SWI2/SNF2 proteins, such as CSB for transcription-coupled repair (TCR), 1 Rad5 for postreplication repair, Rad16 for global genome repair, and Rad54 for recombination repair. This suggests that nucleosome remodeling is an essential aspect of many DNA repair pathways. Apparently, remodeling of chromatin structure during repair of distinct lesions cannot be provided by a universal component. Therefore, the SW12/SNF2 proteins in each DNA repair pathway may provide additional pathwayspecific functions.
The TCR pathway of nucleotide excision repair is responsible for the rapid repair of transcription-blocking lesions in DNA (8) . The CSA and CSB proteins are specifically required for TCR, although their exact function in this process remains elusive. Inherited defects in these genes lead to Cockayne syndrome in humans (9) . Several studies suggest that the Cockayne syndrome proteins have a subtle additional role in transcription (10, 11) . The elongating RNA polymerase II (pol II) complex that encounters a lesion is thought to detect damage and to activate the repair machinery in a CSA/CSB-dependent manner. However, the stalled pol II may constitute a steric hindrance for the repair machinery and likely needs to retract or dissociate to allow repair of the damage (12) . Some aspects of TCR are highly conserved from Escherichia coli to yeast and mammals (13) . In E. coli, the transcription-repair coupling factor (TRCF) displaces the RNA polymerase stalled at a lesion and stimulates TCR by recruiting the repair machinery. A similar activity was proposed for CSB (14) because of its limited sequence similarities with TRCF. In agreement with this possible function, CSB was found to associate with pol II (15, 16) . Because CSB is a member of the SWI2/SNF2 family (17) , it was also suggested to be involved in chromatin remodeling at the damage site. CSB has many of the activities expected for a SWI2/SNF2 protein; it has DNA-stimulated ATPase activity but is not a classical helicase (18, 19) . CSB remodels nucleosomes at the expense of ATP hydrolysis and interacts with core histones directly in vitro (20) . In addition, CSB alters DNA double helix conformation upon binding. The mechanism by which CSB remodels nucleosomes is unknown, but by changing DNA conformation, CSB may disrupt the histone-DNA interactions, as well as the interaction of stalled pol II with damaged DNA. Resolving the nature of this CSB-induced change in DNA conformation will therefore provide important information on the mechanism of CSB action in both DNA repair and gene transcription.
CSB alters DNA conformation as detected in assays that fix and report changes in DNA linking number (Lk) (20) . Lk is a topological parameter of double-stranded DNA that describes the number of times that the two strands of the DNA double helix wind around each other. Lk is made up of two geometrical parameters, twist and writhe. Twist describes the number of crossings of one strand of the DNA double helix over the other, whereas writhe describes crossings of the axis of the double helix over itself. Topoisomerases change DNA Lk directly by breaking, passing, and rejoining of DNA strands, but this activity has not been detected for CSB or other SWI2/SNF2 family members. The change in DNA conformation induced by CSB can be caused by the protein constraining twist or writhe. Proteins can affect writhe by wrapping the DNA around their surface (21) , such as in nucleosomes (22) . Proteins can affect twist by stretching the DNA helix in a protein filament (23) , such as the recombinases RecA and Rad51 (24) . Finally, the change in DNA conformation may result from the introduction of unconstrained supercoils in the DNA by a protein translocation mechanism. This was suggested for the yeast SWI2/SNF2-like remodeling enzyme RSC (25) and for Rad54 (26, 27) . However, the different mechanisms that induce changes in DNA conformation by affecting twist or writhe are not easily distinguished in bulk biochemical assays. They do result in architecturally different DNA⅐protein complexes and therefore can be distinguished by direct observation with scanning force microscopy (SFM). Analysis of DNA conformational changes and direct imaging of CSB⅐DNA complexes by SFM suggest that CSB constrains writhe by a DNA wrap. Wrapping of DNA was found to depend on ATP binding, whereas the constrained wrap is apparently lost upon ATP hydrolysis. This active DNA wrapping and unwrapping by CSB is discussed as a mechanism to disrupt nearby protein-DNA interactions.
EXPERIMENTAL PROCEDURES
DNA Substrates-The plasmid pDERI1 (1.8 kb) was described previously (27) . This plasmid was singly nicked in a 30-l reaction containing 0.5 g of DNA, 20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 10 mM MgCl 2 , 360 g/ml etidium bromide, and 1 g/ml DNase I at 30°C for 30 min. The reaction was stopped by the addition of 0.1 volume of stop mix (5% SDS, 50 mM EDTA, 30 g/ml proteinase K) and incubation at 65°C for 30 min. DNA was purified by chloroform/phenol extraction, ethanol precipitated, and dissolved in H 2 O. The linear DNA substrate was generated by digestion of plasmid pDERI1 with the PvuI restriction enzyme (Roche Applied Science) and purified using the GFX-PCR purification kit (Amersham Biosciences).
Proteins-The recombinant epitope-tagged CSB protein (HA-CSBhis6) was overexpressed using the baculovirus expression system and purified as described previously (19) . The tags do not interfere with the biological function of CSB in vivo (19) . Protein concentration and purity was determined by SDS-PAGE followed by silver staining. ATPase activity of the purified CSB was tested in vitro.
The Ku70/80 heterodimer was produced and purified as described previously (28) . The E. coli RNA polymerase was purchased from Roche Applied Science.
Topological Assays-The singly nicked plasmid pDERI1 (20 ng) was incubated with the indicated amounts of CSB in the presence of 5 mM of ATP or AMP-PNP in a 60-l reaction containing 20 mM Tris-HCl, pH 7.5, 60 mM KCl, 5 mM MgCl 2 , and 1 mM DTT. Reactions were incubated for 15 min at room temperature, and subsequently one unit of E. coli DNA ligase was added along with ligation buffer containing NAD. The incubation was continued for 1 h. Topoisomers were resolved by electrophoresis on 1.2% agarose gels containing 0.5 g/ml chloroquine. Gels were run in 1ϫ Tris borate EDTA for 20 h at 70 V, followed by Southern blotting, hybridization with a pDERI1-probe, and autoradiography.
Protein-DNA Binding Reactions and SFM-CSB⅐DNA complexes were prepared by incubating 250 ng of singly nicked plasmid pDERI1 with 20 ng of CSB (protein to DNA ratio is 1:2) in the presence or absence of 5 mM ATP or AMP-PNP in a 10-l volume containing 40 mM HEPES-KOH, pH 7.9, 120 mM KCl, 5 mM MgCl 2, 1 mM DTT, and 0.01% Nonidet P-40. The binding reaction was incubated at room temperature for 20 min.
The Ku70/80 heterodimer (75 ng) was incubated with the 1-kb PCR fragment (250 ng) in a 10-l reaction containing 50 mM HEPES-KOH, pH 8.0, 100 mM KCl, 10 mM MgCl 2 , and 1 mM DTT. Incubations were performed at 37°C for 20 min.
The E. coli RNA polymerase (250 ng) was bound to the 1-kb PCR fragment (250 ng) in a 20-l reaction containing 30 mM HEPES-KOH, pH 7.4, 100 mM NaCl, 10 mM MgCl 2 , and 0.5 mM DTT. The binding reaction was incubated at 37°C for 20 min.
Binding reactions were diluted 15-to 30-fold in deposition buffer (5 mM HEPES-KOH, pH 7.5, and 5 mM MgCl 2 ) and directly deposited onto freshly cleaved mica. After a 1-min incubation, the mica surface was washed with H 2 O (glass-distilled, Sigma) and dried with a stream of filtered air. For the simultaneous deposition of protein⅐DNA complexes from different binding reactions, the reactions were combined at the dilution step and immediately deposited onto mica.
The protein⅐DNA complexes were imaged in air at room temperature and humidity using a Nanoscope IIIa (Digital Instruments) operating in tapping mode with a type E scanner. Images were collected as 2 ϫ 2 m scans (512 ϫ 512 pixels). The raw data were processed only by flattening to remove background slope using Nanoscope software. Silicon tips (Nanoprobes) were obtained from Digital Instruments.
Image Analysis-DNA contour length was measured from SFM images using the Alex toolbox (29) in Matlab (The Math Works, Inc.). DNA contours were manually traced and subsequently smoothed. For DNA⅐protein complexes, the contour length was traced as the shortest possible DNA path through the bound protein. The volume of the DNA-bound protein complexes was measured from SFM images imported into Image-SXM (National Institutes of Health Image version modified by Steve Barrett, Surface Science Research Center, University of Liverpool, UK). The protein was manually traced, and its area and average height were measured, as described previously (30) . A background volume determined from the same size area, including a segment of DNA, was subtracted. Volume measurements are given in arbitrary units and are used only to compare the relative sizes of proteins.
Immunoprecipitation-The GFP-CSB expressing cell line was generated by stable transfection of the CSB-deficient human fibroblast cell line CS1AN-Sv with GFP-CSB cDNA (11) . GFP-CSB is functional in vivo, as it corrects the UV-sensitive phenotype of CSB-deficient cells. The plasmid pFLAG-CSB was transfected into the stable GFP-CSB cell line using FuGENE transfection reagent (Roche Applied Science) according to the manufacturer's protocol. Two days after transfection, the cells were washed with phosphate-buffered saline, and whole cell extracts were prepared. The cells were lysed in 1 volume of whole cell extract lysis buffer 1 (20 mM HEPES-KOH, pH 7.9, 600 mM KCl, 0.2 mM EDTA, 1 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride). After 30 min of incubation on ice, cell debris was removed by centrifugation, and 1 volume of whole cell extract buffer 2 (20 mM HEPES-KOH, pH 7.9, 0.2 mM EDTA, 40% glycerol, 1 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride) was added. The whole cell extract was incubated with anti-FLAG M2-agarose (Sigma) at 4°C overnight. The FLAG-agarose was washed 3 times for 5 min with NETT buffer (100 mM NaCl, 50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 0.5% Trition, 1 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride). Bound proteins were eluted by SDS sample buffer, separated by 6% SDS-PAGE, and subjected to immunoblot analysis with a mouse monoclonal antibody to CSB (1A11) (31) .
RESULTS

CSB Changes DNA Double Helix Conformation Dependent on
ATP Binding-The ability of CSB to change DNA conformation was demonstrated in topological assays. Singly nicked plasmid DNA was incubated with the purified CSB protein (19, 20) , and subsequently, the nick was closed by the addition of DNA ligase. Ligation will fix changes in DNA conformation induced by the protein. Protein-induced changes in DNA conformation, evident as changes in Lk after ligation, were detected as changes in the electrophoretic mobility of the DNA. Ligation of the nicked plasmid in the absence of CSB resulted in three major topoisomers (Fig. 1, lane 1) . In the absence of ATP, addition of 60 or 90 ng of CSB induced a subtle shift in the DNA topoisomer distribution (Fig. 1, lanes 2 and 3) . The intensity of the lower band was decreased, whereas the intensity of a fourth slower migrating topoisomer was increased. In the presence of ATP, CSB induced a more apparent shift in the distribution of the topoisomers, as the intensity of the fourth slower migrating topoisomer was further increased (Fig. 1, lanes 4 and 5) . Interestingly, in the presence of CSB and the non-hydrolyzable ATP analogue AMP-PNP, the three major topoisomers were completely shifted toward slower migrating species (Fig. 1, lanes 6 and 7) . The chloroquine included in the gel caused positive supercoiling of DNA. In the presence of ATP, CSB shifted the topoisomer population toward less positively supercoiled topoisomers, indicating that CSB introduced negative supercoiling (Fig. 1, lanes 4 and 5) . In the presence of CSB and AMP-PNP, the DNA topoisomer distribution was dramatically shifted. All positive supercoiling introduced in the DNA by chloroquine in the gel was eliminated, resulting in negatively supercoiled topoisomers, which have a different mobility compared with the positively supercoiled topoisomers (Fig. 1, compare lanes 4 and 5 to 6 and 7) . At lower protein to DNA ratios (Fig. 1, lanes 12-14) , CSB introduced less negative supercoiling. On average, two negative supercoils were introduced at an approximate molar ratio of 7 CSB monomers/1 DNA molecule of 1.8 kb (Fig. 1, lane 14; 20 ng of CSB) in the presence of AMP-PNP. Although there is some residual activity in the absence of ATP, the introduction of negative supercoiling by CSB appears to depend on ATP-binding and is reduced when ATP hydrolysis is possible. These results demonstrate that CSB actively changes DNA conformation dependent on ATP-binding by the introduction of constrained negative supercoiling.
Architecture of the CSB⅐DNA Complex-The topological assays revealed that CSB-induced changes in DNA conformation were trapped as negative Lk because of the introduction of negative supercoiling upon CSB binding. This change in DNA Lk could result from changes in twist or writhe. Proteins can change writhe by wrapping DNA around their surface. Proteins can change twist by stretching the helix in a protein filament. To discriminate between these possibilities, we used SFM to directly visualize individual CSB⅐DNA complexes. CSB protein was incubated with a singly nicked circular DNA molecule in the absence or presence of ATP or AMP-PNP. Fig. 2 shows SFM images of CSB⅐DNA complexes formed in the presence of ATP. The appearance of the CSB⅐DNA complexes formed in the presence or absence of ATP or AMP-PNP was similar. Under all conditions, ϳ12% of the DNA molecules was bound by CSB. The percentage of DNA bound by CSB was similar for nicked circular, closed circular, and linear DNA templates, indicating that CSB does not specifically bind to nicks or DNA ends. We found no evidence for protein-coated filaments or elongated DNA structures in these images. This indicates that CSB is unlikely to alter DNA conformation by changing twist. Interestingly, in the presence of ATP or AMP-PNP, many of the CSB⅐DNA complexes observed were indicative of DNA wrapping. The DNA did not appear to pass through the center of the protein but rather entered and exited the protein on one side (Fig. 2, B and C) .
CSB Binding Shortens DNA Contour Length Dependent on ATP Binding-When CSB affects DNA structure by constraining writhe due to DNA wrapping, this results in a decrease in contour length of the DNA⅐protein complexes relative to protein-free DNA. We measured the contour length of free singly nicked circular DNA molecules and DNA molecules bound by CSB in the same deposition. These results are shown in Fig. 3 and are summarized in Table I . In the absence of ATP, there was no significant difference in the DNA contour length of CSB-bound DNA molecules and free DNA molecules (Fig. 3A) . However, in the presence of ATP, a shift in the distribution and a significant reduction in the average DNA contour length was observed upon binding of CSB (Fig. 3B) . The distribution of the DNA lengths suggests that two populations of CSB-bound complexes were present, one with and one without shortened contour length.
Because the CSB-induced change in DNA conformation was most pronounced in the presence of a non-hydrolyzable ATP analogue, AMP-PNP, in the topological assays, we also analyzed the DNA contour length under these conditions. There was a more pronounced shift toward shorter DNA contour lengths upon binding of CSB in the presence of AMP-PNP, indicating that more CSB-bound DNA molecules are present with a shorter contour length (Fig. 3, B and C) . The average contour length measured for CSB-bound DNA molecules was 40 nm shorter in the presence of AMP-PNP. However, the 7 and lanes 11-14) . The nick was ligated, and the resulting topoisomer distribution was analyzed on a 1.2% agarose gel containing 0.5 g/ml chloroquine. As a control reaction, the nicked DNA was ligated in the absence of CSB (lanes 1 and  11, Ϫ) . presence of CSB-bound DNA molecules that are not shorter will result in a slight underestimation of the shortening. The protein-free 1821-bp DNA molecule has an average contour length of 548 nm in our images. Thus 40 nm represents an average DNA contour length reduction of 125 bp as a result of CSB binding in the presence of AMP-PNP. Preliminary experiments with the CSB mutant K538R, containing a mutation in the ATP-binding domain that allows binding of ATP but not hydrolysis (20) , suggested a similar DNA contour length reduction upon binding in the presence of ATP and AMP-PNP (results not shown). Although the path of DNA cannot be followed in these images, the loss of this relatively large amount of DNA can most easily be explained by DNA wrapping around the protein surface (see "Discussion"). These results suggest that CSB wraps on average 125 bp of DNA around its surface dependent on ATP binding but not hydrolysis. ATP hydrolysis may result in DNA unwrapping, because shorter DNA molecules were observed more frequently in the presence of AMP-PNP.
Size of the DNA-bound CSB Protein-The size of a protein can be estimated from SFM images by measuring its volume. This is especially useful for determining the size of DNA-bound proteins (30) . Although the absolute dimensions of biomolecules in SFM images will vary with the deposition and the specific tip used (32), there is a linear relationship between SFM-measured volume and molecular mass (30, 33) . Thus the size of a protein of interest can be determined by comparison of its volume to that of a protein size standard included in the same deposition. CSB has a molecular mass of 168 kDa, and we used E. coli RNA polymerase (450 kDa) and the Ku70/80 heterodimer (155 kDa) as internal standards. CSB was bound to singly nicked circular DNA, and the protein standard was bound to a linear DNA fragment in separate binding reactions. The reactions were mixed together immediately before deposition for imaging. Control reactions, in which CSB was bound to circular DNA and mixed with naked linear DNA just before deposition, did not result in protein transfer to the linear DNA (results not shown). Therefore, CSB could be distinguished from the protein standard by the DNA substrate to which it was bound. Fig. 4 shows CSB bound to circular DNA (Fig. 4, A and B, black arrows) together with RNA polymerase (Fig. 4A , white arrows) or with the Ku heterodimer (Fig. 4B , white arrow) bound to linear DNA. Fig. 4 shows the volume distribution for CSB relative to RNA polymerase (Fig. 4C) and Ku (Fig. 4D) . The average measured volume and the estimated size of CSB are summarized in Table II . Relative to RNA polymerase, the volume of DNA-bound CSB corresponded to a molecular mass of 272 kDa in the presence of AMP-PNP and 267 kDa in its absence. Relative to Ku, the volume of DNA-bound CSB corresponded to 301 kDa in the presence of AMP-PNP and to 284 kDa in its absence. DNA wrapped around CSB could contribute to the measured volume in the presence of AMP-PNP. The measured volume of the DNA-bound CSB protein was somewhat smaller than expected for a dimer but significantly larger than a monomer.
Interaction between CSB Molecules in Cell Extracts-The SFM volume measurements suggest that CSB is bound to DNA as a dimer. Therefore we determined whether CSB-CSB interactions also occurred in cell extracts by immunoprecipitation experiments. A stable cell line expressing a GFP-CSB fusion protein was transfected with a construct encoding a FLAGtagged CSB protein. The transfected FLAG-CSB construct is expressed at a relatively low level compared with the stably expressed GFP-CSB protein (Fig. 5, lane 1) . This cell extract was used for immunoprecipitation experiments with a FLAGspecific antibody. The GFP-CSB fusion protein was found to co-immunoprecipitate with the FLAG-tagged CSB protein (Fig.  5, lane 3) . The two CSB variants were immunoprecipitated in a 1:1 ratio probably because of the relative overexpression of GFP-CSB and the resulting over-representation of FLAG-CSB/ GFP-CSB interactions. An extract from mock-transfected cells was analyzed in parallel (Fig. 5, lane 2) . Incubation of this extract with the anti-FLAG antibody did not result in immunoprecipitation of GFP-CSB (Fig. 6B, lane 7) . The co-immunoprecipitation was repeated with similar results in the presence of ethidium bromide (100 g/ml), which is known to disrupt protein-DNA interactions without affecting protein-protein interactions (results not shown). This indicated an interaction between two differentially tagged CSB molecules in mammalian cell extracts. These results, combined with the SFM volume measurements, suggest that CSB associates with itself and likely functions as a dimer. 
DISCUSSION
The CSB Protein Actively Wraps DNA-We demonstrated that CSB changes DNA double helix conformation by introducing constrained negative supercoiling in topological assays. This activity was surprisingly more efficient in the presence of AMP-PNP, suggesting that the CSB-induced change in DNA conformation depends on ATP binding but not hydrolysis. These results are consistent with previous studies demonstrating that the CSB mutant K538R efficiently induces negative supercoiling in topological assays (20) . This mutation in the ATP binding pocket of CSB prevents ATP hydrolysis but still allows ATP binding. SFM analysis of CSB⅐DNA complexes revealed that CSB-bound DNA was shorter in the presence of both ATP or AMP-PNP. We measured a DNA contour length shortening of ϳ125 bp upon binding of CSB in the presence of AMP-PNP. Such a relatively large DNA shortening is not expected to be caused by DNA compaction within the protein.
Neither would DNA compaction easily explain the constrained negative supercoiling induced by CSB. Alternatively, CSB could make two discrete contacts within the DNA molecule generating a loop, with translocation resulting in the accumulation of supercoiling. A protein translocation mechanism generates unconstrained supercoiling and predicts the generation of both positive and negative supercoils in DNA (see also Fig.  6B ), whereas CSB was found to introduce only constrained negative supercoiling. In addition, the loop size would vary dramatically depending on the DNA cross-over site stabilized by CSB. The architecture of the CSB⅐DNA complexes was extremely uniform in our SFM images (Fig. 2) , and circular DNA molecules divided into two domains of variable size by a CSBmediated cross-over were not observed. Therefore, the measured shortening most likely results from wrapping of a defined amount of DNA around the CSB surface, constraining a negative supercoil. The DNA entry/exit configuration of the CSB⅐DNA complex in the SFM images was also consistent with DNA wrapping (Fig. 2, B and C) . We measured a shorter DNA DNA is wrapped left-handed around the protein in slightly more than one complete turn. B, models for the introduction of torsion by DNA rotation. In this figure, rotation of the DNA is constrained by the gray blocks on the DNA ends, creating topologically closed domains. In the tracking model, a remodeling protein translocates along the DNA helix in an ATP-dependent manner. When free rotation of the protein is prevented, this will cause rotation of the DNA axis, generating a potentially large change in positive supercoiling (ϩ SC) ahead of movement and negative (Ϫ SC) behind. In the wrench action model, the protein constantly holds tight to a specific site on the DNA but changes its orientation with respect to the DNA, dependent on ATP. This results in a relatively small change in both positive and negative supercoiling. In the wrapping model, the CSB protein wraps DNA around its surface in the ATP-bound state, constraining one negative supercoil. The wrap is released upon ATP hydrolysis, introducing one unconstrained negative supercoil in the DNA.
contour length upon binding of CSB both in the presence of ATP and AMP-PNP; however, shorter molecules were observed more frequently in the presence of AMP-PNP. Pilot studies with the CSB mutant K538R also suggested efficient wrapping in the presence of ATP and AMP-PNP. This is consistent with the more efficient introduction of negative supercoiling in the presence of non-hydrolyzable ATP in topological assays. These results indicate that DNA wrapping by CSB is dependent on ATP binding, whereas ATP hydrolysis results in DNA unwrapping. The dynamic process of DNA wrapping and unwrapping by CSB thus appears to be regulated by ATP binding and hydrolysis.
Architecture of CSB Bound to DNA-SFM size measurements suggested that CSB binds DNA as a dimer, because we consistently measured a volume ϳ1.6-fold larger than a monomer. This measured volume, larger than a monomer but smaller than a dimer, could be explained by the presence of a mixed population of monomers and dimers. However, the volume distributions do not obviously display two populations. Alternatively, the discrepancy between measured volume and molecular weight could be caused by the specific geometry of the CSB⅐DNA complex; two subunits may form a very compact dimer. Finally, the protein density of CSB or its interaction with the SFM tip may differ from that of the protein standards used. In the presence of AMP-PNP, the DNA wrapped around the CSB surface may contribute to the measured volume. We measured only a small increase in size, within the margin of the standard error of the experiments. The large size of the CSB protein (168 kDa) may make it difficult to measure the relatively small increase in size caused by the DNA. In addition, the DNA may lie within a groove in the protein and not significantly add to the measured volume. In immunoprecipitation experiments, two differentially tagged forms of CSB were found to co-immunoprecipitate. These combined results suggest that CSB associates with itself and likely functions as a dimer.
The results of this study are combined in the model of the CSB⅐DNA complex in Fig. 6A . The dimeric CSB protein wraps, on average, 125 bp of DNA around its surface, dependent on ATP binding. The introduction of negative supercoiling in topological assays indicates left-handed wrapping of DNA. The SFM images do not resolve the path of the DNA around the protein, and the simplest path is depicted here. The E. coli UvrB protein involved in DNA damage recognition is also bound to DNA as a dimer and wraps DNA, dependent on ATP. In that case, DNA is wrapped around one subunit of the dimer (34, 35) . Currently, we cannot discriminate between CSB wrapping DNA around one or both subunits. The simplest model represents the CSB dimer as a sphere of average protein density (0.73 cm 3 /g), which would accommodate 35 nm or 112 bp of DNA wrapped around its surface. Thus, 125 bp of DNA would wrap around the CSB dimer slightly more than one complete turn. Another example of a protein that actively wraps DNA is provided by DNA gyrase (36, 37) . Gyrase negatively supercoils DNA in a reaction coupled to binding and hydrolysis of ATP. These proteins thus use the energy of ATP hydrolysis to actively change DNA conformation by wrapping and unwrapping of DNA.
DNA Wrapping by CSB as a Mechanism for Chromatin Remodeling-The ability of CSB to actively wrap and unwrap DNA may be the mechanism underlying its chromatin remodeling activity. Currently, the introduction of torsion in DNA is believed to be a key component of ATP-dependent chromatin remodeling (1, 5, 6 ). How remodeling enzymes generate torsion is not known, but current models involve rotation of the DNA helix. To generate torsion by DNA rotation, the free rotation of the DNA must be constrained to prevent dissipation of stress. SWI2/SNF2-dependent DNA loops have been detected by microscopy, suggesting that this protein generates topologically closed domains (38) . Two mechanisms were proposed for DNA rotation by SWI2/SNF2-like proteins. One mechanism is tracking along the DNA helix (Fig. 6B ), as has been described for other members of the SF2 family of helicases (39) and was demonstrated for the Rad54 protein involved in recombination repair (26, 27, 40) . ATP-dependent DNA translocation will generate positive supercoiling ahead of movement and negative behind, provided that the free rotation of the protein is constrained (41) . The other mechanism is a molecular wrench action (Fig. 6B) , as has been suggested for TFIIH in promoter melting (42) , where the remodeling protein changes its rotational position while remaining bound to a specific site on the DNA. Both positive and negative supercoiling can be introduced by a wrench action. CSB may remodel nucleosomes by a mechanism involving DNA wrapping and unwrapping, introducing a negative twist (Fig. 6B) .
Although our data do not yet address how DNA wrapping by CSB is used to disrupt chromatin structure, it is plausible that it affects DNA-histone interactions. Because both CSB and nucleosomes wrap approximately the same amount of DNA left-handed around their surface, CSB could replace a nucleosome topologically. ATP hydrolysis would result in release of the wrap transferring the supercoiling constrained by the nucleosome to the local DNA, although a previous study failed to detect released nucleosomes (20) . Alternatively, CSB may generate torsion to remodel nucleosomes by the active wrapping and unwrapping of linker DNA. This requires that free rotation of CSB is constrained, which could be achieved by binding to both DNA and the nucleosome. Indeed, CSB was found to interact directly with histone proteins (20) . Thus CSB could cause rotation of the DNA at the nucleosomal entry/exit site by active DNA wrapping. ATP hydrolysis was shown previously to be required for chromatin remodeling by CSB, whereas negative supercoiling and DNA wrapping were demonstrated to depend on ATP-binding (Ref. 20 and this study). This suggests that active DNA wrapping and unwrapping upon ATP hydrolysis are required for chromatin remodeling by CSB.
DNA Wrapping by CSB as a Mechanism to Disrupt Protein-DNA Interactions-By altering DNA double helix conformation, CSB may disrupt histone-DNA interactions, as well as the interaction of other proteins with DNA. In the prokaryote E. coli, the TRCF protein is required for TCR. TRCF binds and displaces the stalled RNA polymerase (43) or rescues arrested transcription complexes into productive elongation (44, 45) . Interestingly, TRCF was also suggested to wrap DNA around its surface. DNase I footprinting of TRCF on DNA results in alternating protected and hypersensitive regions, consistent with DNA being wrapped around the protein (46) . DNA wrapping by CSB may similarly serve to remove or displace stalled pol II from the site of damage and to allow TCR. Indeed, CSB was found to interact with pol II (15, 16) . A recent in vitro study suggested that dissociation of stalled pol II is not dependent on CSB, whereas repair of the DNA damage could occur in the presence of the stalled transcription complex (47) . However, the repair of damage in vivo is generally thought to require the removal or displacement of the stalled pol II. CSB also plays a non-essential role in the transcription process itself (15) . DNA wrapping by CSB may be important for both its function in DNA repair and gene transcription. The dual role of CSB could provide an explanation for the fact that the various DNA repair pathways require specific SWI2/SNF2 family members. These proteins can all affect chromatin structure, but their additional functions may demand specialization. The DNA wrapping ac-tivity of CSB differentiates this protein from the other SWI2/ SNF2 proteins. Although these proteins are members of the same family, they appear to alter DNA conformation by very different mechanisms.
